Abstract -Recently, it is increased to apply sensorless drive for BLDC (Brushless DC) motor to household electrical appliances, especially in the refrigerators and air conditioners, to reduce the cost and the acoustic noise by the operation and to make their functions more comfortable for human beings. In this paper, low-cost sensorless drive for BLDC motor is implemented by random PWM (Pulse Width Modulation). The experimental results show that the electromagnetic noise was reduced and the sound quality was improved by BLDC motor sensorless random PWM Control.
I. INTRODUCTION The BLDC motor hold high efficiency over entire operating range and are easily controlled because the torque of the motor is proportional to input voltage. For the reasons, the BLDC motor is expanding the electrical appliances, especially in the refrigerators and air conditioners [1] . Recently, according to the increase of the concern for the improvement of home environment, many studies are attempted to reduce the vibration and noise developed from the sensorless BLDC drive for compressor [2] [3] [4] .
The sources of the acoustic noise in the refrigerators are the compressor and the airflow fans for the condenser and evaporator, but the noise generated by the compressor is dominant [2] . The noise of compressor can be classified into two major parts: one is the electromagnetic noise of the motor and another is the mechanical noise caused by the mechanical components of the compressor such as the suction and discharge valves, muffler, and friction between the piston and cylinder, etc.
In addition, determination of PWM frequency ranges is important to select the modulating frequency ranges in the random PWM [4] [5] [6] [7] [8] . The harmonic currents and voltages will be spread over more broad range as the frequency ranges of the random PWM becomes broad. But the maximum available frequency ranges is limited by its operating characteristics, such as the natural resonance characteristics of the compressors, time limitation for the hardware and software for the motor control, and so on.
Considering the limited frequency ranges and cost, the low-cost motor drive for compressor is used low-cost microcontroller and the typical 5 kHz switching frequency power module. In addition to reduce the electromagnetic noise of sensorless BLDC motor drive due to fixed switching PWM, random switching PWM is required. This paper proposes a low-cost sensorless drive of BLDC motor for compressor using random PWM. It was verified that applying random PWM has reduced the electromagnetic noise and improved the sound quality.
II. SENSORLESS CONTROL OF BLDC MOTOR
The back-EMF's e a , e b and e c of BLDC motor have trapezoidal shapes and the currents i a , i b and i c needed to produce a steady state torque without torque pulsations are shown in fig. 1 .
In a position sensorless BLDC motor drive, commutation points of the inverter can be obtained by knowing the zerocross-point (ZCP) of the back-EMF and a speed dependent period of time delay [3] [4] . The phase back-EMF induced in the stator windings of a BLDC motor is trapezoidal so that the ZCP of the back-EMF can be detected by monitoring the terminal voltage waveform of a silent phase. The instance when the terminal voltage of the silent phase match with the half DC link voltage, during which point switching devices are turned on, is the zero crossing point of the back-EMF. 
where, Tcmt(k) is the commutation time and TZCP(k) is the zero crossing time of the back-EMF. fig. 2 (b), capacitor C is used to reduce switching noises included in the terminal voltage.
The sensorless control method based on terminal voltage sensing cannot be used during low speeds since the back-EMF is zero at rest and proportional to the speed.
III. RANDOM PWM ALGORITHM
The electromagnetic noise will be dominant at low speeds. Operating the BLDC motor at 1,600rpm can reduce the mechanical noise effectively, but the electromagnetic noise generated by PWM may influence considerably the total acoustic noise. The BLDC inverter refrigerator has to be mostly operated at low speed near 1,600rpm for power consumption, except for initial starting and overload conditions where the large cooling capacity is required. Therefore, reducing the electromagnetic noise and psychoacoustic noise of the compressor at low speed operation will be the most important factor to reduce the acoustic noise of the refrigerators [2] .
Random PWM techniques [5] are investigated and these techniques include driving at a high switching frequency and to reduce the switching noise. Random PWM is classified into two categories as random switching frequency PWM and random pulse position PWM. Even though the random pulse position PWM [5-8] is operated at a fixed frequency, the random pulse position has a similar effect as if the switching frequency is changed. This method has merit that can be easily implemented by a micro controller.
The random numbers use carefully so as not to come overflow. 
Also, random number is generated in the specific frequency range using (5).
The lower and upper limit frequencies of the random PWM were determined by 3kHz and 5kHz, respectively, by considering the mechanical resonance with PWM frequency, the minimum required time for hardware and algorithm processing, as well as the reliability including EMI and leakage currents. Fig. 4 shows the block diagram of the speed control for the sensorless Drive for Brushless DC Motors using RPWM. The absolute rotor position for commutation was detected by using the back EMF voltages of the open phases. The brushless DC motor was initially positioned at a predetermined position and is forced to accelerate to the arbitrary speed where the rotor position can be detected from the back EMF voltages. The low-cost fixed-point digital signal processor (DSP), TMS320LF2406A and the typical 5 kHz switching frequency SPM (Smart Power Module) of Fairchild-semiconductor implement the motor speed control algorithm, generation of the random number and determination of the switching frequency according to the random number, and also determines the switching states of the inverter corresponding to the required duty ratio. The random numbers were generated by using LCG random number of 220, 6075, 106, 1283. Table II shows the electrical parameters of the used BLDC motor to examine the performance of the proposed method. Fig. 5 shows the PSIM simulation schematic. The schematic includes DLL of random PWM generation. the deterministic PWM with 4kHz switching when the motor speeds is 1,600rpm. The similar waveform for the random PWM is shown in Fig. 7 (b) . Observing a part of 4kHz frequency, respectively reduce the deviation of the current. Fig. 8 and Fig. 9 show the noise spectrums measured from the side, head and top of compressor applied the fixed switching PWM with 4kHz and random switching PWM with 3~5kHz when the motor speeds is 1,600rpm. Observing a part of 3~5kHz frequency precisely, the noise deviation of the compressor for the random switching PWM is much more reduced than the fixed switching PWM with 4kHz. Fig. 10 and fig. 11 describe the noise spectrums measured from the side, head and top of compressor applied the fixed switching PWM with 4kHz and random switching PWM with 3~5kHz when the motor speeds is 2,000rpm. Observing a part of 3~5kHz frequency precisely, the noise deviation of the compressor for the random switching PWM is much more reduced than the fixed switching PWM with 4kHz. Therefore, it is noted that the random switching PWM control effectively suppresses reduce the deviation of the electromagnetic noise and improves sound quality.
IV. SIMULATION AND EXPERIMENTAL RESULTS

V. CONCLUSIONS
In this paper, low-cost sensorless drive of brushless DC motor for compressor using random PWM is implemented by using low-cost fixed point DSP and typical 5 kHz switching frequency power module. In low-cost inverter refrigerator with the reciprocating compressor driven by the BLDC motor, applying the random PWM reduces the electromagnetic noise and improved the sound quality. The proposed method makes possible low-cost home appliances using BLDC motor, such as refrigerator and air-conditioner, to obtain the good sound quality. 
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